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Gentiemen, )
It is indeed a distinct pleasure toc be speaking to you here at the occasion

of your L5th Annual Conference. It is a special pleasure for me because

it involves an area of technology, or better metrology, which is of

particular interest to the National Aeronautics and Space Administration,

and of which it also can be said, has been in use since the days of the

ancient Egyptians who were also, as we are, interested in studies of the
stars and planets, ST

Constant progress has been made since then, particularly in the last two
tc three decades, covering a wide range from the identification of minute
trace quantities to the measurement of millions of pounds of thrust. Both
of these pertain to measurement problems connected with NASA's effort in
the exploration of Space..
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To underline this wide range:

In Slide 1 we see the principle of a detector for meteoroids. By measuring
the time it takes to pass through the two membranes, the velocity can be
determined., A momentum balance which catches the particle yields velocity
times mass, From both measurements,; the mass itself can be calculated,

The next Slide 2 shows datea from Explorer 16 Satellite which measured
particle penetrations in 1 mil and 2 mil thick beryllium - copper sheaths,
The slide shows the accumulated number of penetrations as they were
reported by the satellite against days in orbit.

To identify the other extreme, in the next Slide 3, we see a scale-up of
convertional and advanced concepts of rocket engine technology. The next
Slide 4 gives a view of the M-l engine, You can see the taxpayer is
getting smaller and smaller all the time,

As I am to talk to you sbout weight and fcrece measurement problems as
applied to rockets and space vehicles, let me tell you briefly about our
NASA programs and progress, As businessmen and industriaslists, you are
accustomed to measuring the performarce of enterprises by the accomp-
lished success. The nation's space program has moved in its five-year
existence from the capsbility of putting medest satellites weighing but

a few pcunds in near-earth orbit to the Seturn I vehicle which has lifted
over ten tons into the same orbit. So, I can report, that as of

January, 1964, in the past 26 months, NASA has placed 26 satellites in
earth orbit without a single launch vehicle failure. In the next Slide 5,
I have combined these various missions, their identification and purpose.
To give scme examples: L Mercury astronaut flights; 5 Tiros weather
satellites, Telstar, Relay and Syncom communications satellites, six
Explorer scientific satellites;, 2 Internaticnal Sciertific satellites,
tke Orbiting Sclar Observatory, and the first successful launching of

the Centaur rocket, which is a stepping stope for later advanced missionms,
bezause it proved the feasihility of using liguid hydrogen as fuel.

As a result;, we have advanced our national knowledge of man's sbility to
exist in space; satellites and deep space probes have discovered the
Van Aller radiation belts, the constant blowing solar wind, and have
provided better knowledge of the conditions in the upper atmosphere:
including discovery of the helium band, hydrcgen layer and dust belts.

In order to achieve this success, many requirements had to be met, and
mary unique tests and measurements had to be performed with highest
aceuracy.

Although the greatest publicity has been given to the Msnned Iunar Landing
Program, the NASA effort is not confined to the single objective of landing
men on the moon. Rather it is our aim to explore space along many
scientific fronts., To achieve these multiple goals, a broad and sound
foundation of research and advanced technology is peeded to make coordi-
nated and timely decisions as to future missionms.
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A rapid increase ir the number of activities will be expected in the
coming years, Future planning foresses that in 1966 we will encounter

a three-fold increase in the number of vehicles to be launched compared
with 1963; vehicle size will increase sixfold; spacecraft size and weight
will increase by a factor of 10; the amount of data required at each
launch for comparison, will at least increase by a factor of 4, The
compound effect of increased complexity of vehicles; the increase in
launch rates, in addition to longer mission times will cause an increase
in instrumentation requirements up to 20 times from today,

High reliability standards to accommodate for unattended operation over
long periods of time are among the unique requirements for equipment in
space. Mechanical, electrical, and cptical parameters have to be
measured to a degree of accuracy, surpassing ir many instences the present
state-of-the-art and leading tc new approaches in measuring methods.

The measurement of mass, weight, and force, ties in with requirements which
are unique, considering the range which these measurements must cover,

and the specific envircmmental comditions under which they have to be
performed,

In the field of rockets and space vehicles, weight and force measure-
ments may be categorized as follows:

;%Calibration cf tanks for filling, comtirol and measurement of
| fuel consumption.

Calibration of flow meters.,
Measure of the thrust of rockets and the calibration of load cells,
Determipation of the take-off weight of a space vehicle,

. Determination of the weight of individual stages and component parts.
Determipaticn of the center of gravity.

Calibration of pressure gages,

Before the advent of space flight, variations of gravity at different
locations were considered negligible. Therefore, weight, which is a
function of gravity, and mass, which is an independent quantity, have
been used interchangeably. The extreme accuracies required nowadays
demand that attention be paid to their correct use, The weight of a
body changes as the accelerating force of gravity varies; which on earth
can differ up to a little more than 1/2% -- between a point close to the
pole and one close to the eguator. The mass of that body remains
essentially the same, and in most engineering fields, these differences
in gravity are negligible,
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In the next Slide 6 we see how this difference in gravity is apprecisble

- in space applications and can be used to stabilize a spacecraft, A
dumbbell-shaped spacecraft in earth orbit will act like a pendulum and
finally assume vertical attitude since the lower weight which is closer
to earth weighs more tharn the higher weight.

Such values as fuel weight, lift-off weight will vary with the geo-
graphical location and, therefore, their actual masses must be determined
for successful missions., Mass as a quantity of matter, or as a measure
of the inertia of a body, derives its unit from the international standard
in Paris., Our primary standard in the United States is at the National
Bureau of Standards, Secondary standards or so-called dead weights have
been calibrated by comparison with the primary standard., They are more
appropriately called dead masses, because their weight will change with
the location. As long as these systems are used at the same location,

no corrections are required., However, at different locations--mass
measurements on load cells, for example, must be corrected by & factor,
the ratio of the gravitational accelerations of the two locationms,

Ancther correction, which is required for the launching of space
vehicles is the buoyancy effect, If the mass of a liquid fuel or any
other liquid determined is determined by weighing, the buoyancy of the air
taken into account. This bucyancy effect is about ,015% and results

in an error which varies with the material being weighed, For water

it is about 0.11%; for liguid oxygen, 0.10%; for hydrocarbon fuels,
0.1k%; for 1liquid hydrogen which has large variations in demsity, it

can be between 1.5 and 4%, In this case the buoyancy must be calcu-
lated for each particular specific gravity. In determining the weight
of complete launch vehicles similar corrections must be applied for

the lift-off masses. The buoyant force adds to the thrust at lift-off,
it diminishes with decreasing air densities during flight. For example,
the fueled Jupiter missile has a specific gravity of .8, its buoyancy
effect is 0,13%, its buoyant force, adding to the lift-off, is 158 lbs.

These considerations have to be taken into account when tanks are being
calibrated for filling and for the measuremert of the thrust of launch
vehicles and the determination of the lift-off weight,

To convey an impression of size and other parameters of coming space
vehicles:

In the next Slide 7, the Saturn launch vehicle family is shown
with their respective payloads for a 100-mile orbit,

Saturn V will carry a payload of 90,000 1lbs intc an escape
trajectory.

The S-I first stage develops a thrust of 1.5 million 1bs.

The S-I-C develops 7.5 million lbs, of thrust.
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The second stage S-IV develops 90,000 lbs,, S-IV-B: 200,000 1bs.,
and S-II--one million 1bs, of thrust,

The Saturn V is a three-stage device, the first stage of which will
1ift six million pounds from the earth's surface at Cape Kennedy to a
speed of 6,000 miles per hour. Each of the five engines of the first
stage has a thrust of 1,500,000 pounds and consumes three tons of fuel
and oxygen per second. The second stage tekes over and speeds the
vehicle to 15,000 miles per hour. The third stage injects the remaining
part of the Saturn V rocket and the Apollo spacecraft into earth orbit,
and after it has coasted around the earth once, fires again to send off
to the moon the forty-five ton Apollo spacecraft,

When w2 talk about the calibration of tanks we actually mean the
determination of the capacity of the tank as a function of the liquid
level. This calibration requires extreme accurascies which cannot be
accomplished by placing the tank oz a scale., Therefore, the common pro-
cedure has been to fill and drain the tank in incremental steps. The
porticns of the liquid draipred in 20 to 50 steps into a barrel placed on
a scale of relatively small capacity provides the means of determining
the over-all fuel weight. The mass is then determined from the weight
and density of the liquid., To apply correct density figures parallel
individusl temperature measurements have tc be made and compared with
laboratory determined density versus temperature characteristics.
Another correction; as previcusly mentioned, has to be made for the
weight of the air in the barrel which is displaced by the liquid. This
bucyancy correction also requires the measurement of the temperature and
the pressure of the surrounding air which is displaced, Another problem
occurs, when the tank which is teing metered is intended for use of
cryogenic propellants. Then a correcticn has to be made for the shrinkage
of the tank., Very accurate weighings are needed to determine these
shrinkage factors for different materials and temperatures,

Thus; we see that what used to be a single measurement of the capacity of
a tank is getting quite invclved,

In edditior to density and temperature corrections, the level measurement
requires correction in cases where the separaticn between liquid and gas
is difficult to determine, as happens with liquid hydrogen.

However, there are other cases where the final measurement desired is a
gravimetric quantity, best accomplished by direct weighing. Weighing
systems have been devised for stcrage tank measurements to work with
electric load cells, For lcw density liquids such as liquid hydrogen,
the comparatively large tare or initial tank weight maekes these measure-
ments difficult., In the case ¢f cutdoor installaticns, the effects of
wind velocity on large tanks must alsc be taken into account,
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To meet some of our requirements, weighing systems have been built for
measuring liquid hydrogen in tanks in which the gross weight of the fuel
tank is 150,000 lbs. with & net capacity of 20,000 lbs, liquid hydrogen,
In these systems load, cells metering the weight can be read out in
increments of one pound from O o 20,000 1bs, Data can be taken every
second, Thus, the difference of ary two readings gives additionally
the flow rate per second,

The next Slide 8 shows a load cell system urder a launching platform

designed for use with the Jupiter vehicle. Load cells are located in
3 legs 120° apart and altermately at 120° are hydraulic cylinders for
urlcading the cells for zero check, The system is shown being cali-

brated with dead weights,

The next Slide 9 shews 500,000 lbs, lcad cells fcr use with hydraulic
eylivders in applying static loads 4o the Saturn test stand., The load
cell with cover is completed. Mounted sirain gages can be seen on the
cthers,

Proper level gaging can be done by either contimious measurements or

by level senscrs located at fixed positions in the tamk giving incre-
mental measurements, A variety of these point sensors has been developed,
making use of ultrasonic, optical, and capacitive type sensars.

In another system for weighing liquid hydrogen, the buoyant force on a
weight or plummet in & liquid hydrogen tank is measured by a force
tranzducer mounted above the tank, The plummet is connected to a
balance beam and is belanced by a counter weight with no buoyant force
on the plummet. Ary urbalance sensed by load cells then measures the
net buoyant force on the plummet. System accuracy is claimed to be
.C5% from 10 to 50 1bs, of buoyant force,

These accuracies are really required. In liquid propelled vehicles
which make use of 2 propellante, correct amounts of the two propellants
have toc be loaded into the tanks, so that after being expeunded in the
correct ratio neither one or the other remains in the tank after burn-
out. In leunch vehicles such as Atlas or Titan, one pound of propellant
is usuelly equivalent to a mile in range., To achieve orbital speeds and
rredetermined crbital parameters, highly accurate determination of the
fuel consumption is even more critical,

I will now talk about fliowmeters and their calibration, Calibration is
accomplished by determining the quantity of liquid added or taken out of

a tank during a certain time. This quantity can be determined by weighing.
Formerly, this method was used exclusively, but now the use of level geges
is oftep preferred to weighing.
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When celibreting flowmeters by weighing, it is important to take into
consideration the absorption of weight in piping connections to the tank
and to eliminate errors which might be introduced by drain lines,
Ancther important peint: consideration must be given to correct for the
weight of gas in the liquid, when the liquid is forced out of the tank
under pressure.

iquid hydrogen is about 15 times lighter than water., Therefore, the
weighing is especially critical when calibrating flowmeters for liquid
hydrogen. Floumeters have to be tested in the cryogenic media under actual
flow conditicne. Calibrations with water differ from calibration with
liguid hydrogen by 3% and more. Recently, it has been found that a cali-
bration performed with compressed air ¢f 100 atmospheres will simulate
the liquid hydrogen flow conditions to a high degree,

Since all flowmeter cutputs become erratic at certain minimm flowrates,
ancther problem is the difficulty of determining the zerc of a flowmeter,

The next Siide 10: This system is used for the calibration of turbine-
type flowmeters., Instrumentation avd level gages can be seen, Note
bellows attachment at bottom.

Recently, & liquid hydrogen flowmeter calibration facility has been built
for NASA's Marshall Space Flight Center which has an accuracy of better
than .15%. A mechanicel scale is used in this system. Special care has
been given to flexures and the arrangement of the drain line. The system
works in the following way: The tare weights of the weighing system are
so adjusted that the scale reaches zero balance soon after constant flow
rate is accomplished, At this momert & zero switch starts a timer,

Then, weights are dropped on the platform egquivalent to the weight of
the 1iquid hydrogep intended to be measured for calibration. At the
moment this amount of hydrogen is consumed, the zero switch stops the
timing system.

Determiping the thrust of rockets is one of the most important measure-

ments in space applications. Accuracy of the measurement depends on the
accuracy of the load cells used to measure the thrust and; thus, on the

accuracy of their calibration.

The need of thrust measurements has produced a large variety of force
measuring systems since the start of rocket development. In early days,
the thrust was usually measured with lever and knife edge scale systems
wnick were ar integral part of the test stand design. A capacitive load
cell was used for dynemic measurements with an accuracy in the neighbor-
hood of 5%. Later on, strain gage load cells gained in importance, and

due to their steady improvement, are now becoming so accurate that they
approach the accuracy of the national standards for weights, Bonded strain
gage load cell measuring systems have been built with a verifisble accuracy
of ,05% of the applied load., Multiple cells are compared with the Bureau
of Standards dead weight machine, In this way, the afore-mentioned
accuracy can be attained up to cne million pounds,
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The Buresu just recently announced its capability of calibrating load
cells for accurate measurements of weights up to 100,000 1lbs. with an
accuracy of five parts in a million,

Increasing the thrust past one million pounds has brought new problems
to the load cell design. But it is an even bigger problem to design the
test stand and the total thrust measuring system.

Next Slide 11: A three-cell system is shown for testing engines for
specific performance, A second set of load cells serves for "in place”
calibration of the thrust cells, Calibration cells are periodically
checked in the leboratory for accuracy. In this case, thrust accuracy
is reduced due to bellows and control connections from the stand to the
engire,

A study is presently being conducted to determine the mass of individual
stages with an interstage weighing system, Weighing of all the com-
ponents and subsystems of a space vehicle is determined mostly by con-
ventional means with mechanical scales, Weighing of all the component
parts before assembly and the separate determinstion of the fuel in the
tanks give together the tske-off weight. The determination of the take-
off weight is very important because this weight affects the trajectory
calculations and flight analysis., Similarly, as for thrust measurements,
load cells are used now for determining the take-off weight. Damage
caused by the heat and flame of the rocket engine is another problem to
be considered.

Next Slide 12: Here we have a view of the Saturn S-1C hold down arm with
a 3.5 million-pound load cell. The vehicle outrigger is clamped in with
a force of 2.1 million 1bs,, generated by an air motor through the gear-
box actuator on the right side,

Next Slide 13: This is an artist conception of Saturn V held by one of
the hold down arms,

In this connection it should be mentioned that the determination of the
center of gravity or the center of mass of a space vehicle is likewise
most jwportant. It should be known as precisely as possible because
trajectory calculations and the proper performance depend on the location
of the center of gravity.

Finally, I will talk about the measurement of pressures. A multitude

of pressure gages are being used in static and dynamic tests., The
calibration of pressure gages has been performed with the conventional
dead weight tester and the manometer. However, when a large mmber of
pressure points are required for calibrating a wide range of transducers,
menual calibration and manipulating of weights becomes a time consuming
cperation, Therefore, an automatic calibration method hes been developed
in vhich a sensitive equal arm balance is combined with a piston gage and
an automatic weight haniler drops weights on a pan of the balance
according to a stored program on punched paper tape. The weights balance
out the force cf the piston seting on the other arm of the balance.
Several systems have been built and are in use in various NASA Centers,
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A calibration system for pressure transducers to be instaelled in the
Saturn vehicle is being designed. It will «have a range from .l to
5,000 psi and cen be set in steps of .1 psi up £o one atmosphere and
in steps of 1 psi from one atmosphere to full scale of 5,000 psi.
Accuracies of ,05% are expected and a reduction in measurement time
is anticipated of l/ 25 compared with manual operation,

In closing, it is my desire to point to the basis of all measuring
problems and also to the problems connected with measurements, such as
precision, accuracy, repeatability and reliability, by quoting

Lord Kelvin, In very simple terms he said about one hundred years ago:

I often say that when you can measure what you are speaking
about, and express it in mumbers, you know something sbout it.
But, when you cannot measure it, when you cannot express it in
numbers, your knowledge is of a meagre and unsatisfactory kind:
it may be the beginning 'of knowledge, but you have scarcely in
your thoughts advenced to the stage of science, whatever the
matter may be,

I think we have followed this advice to arrive at our present capabilities,

As for the space program, what next? What is, in fact, done next must
be determined by an assessment of the scientific, social, economic,.and
political implications., Exploration and extended visits on the lunar
surface, large manned space stations, satellite television on a world-
wide basis, world-wide weather coverage by satellites, the development
of nuclear rockets.

No man can foresee the dividents which will accrue from the knowledge
gained in this adventure., The President of the California Institute
of Technology has said, "Already the dawning of the space age has
impelled Americans to seek to improve their schools. That alone may
be worth the cost of all of our space rockets,"



